We describe, within an ab-initio approach, the stabilization of the tetragonal phase vs. the monoclinic one in Yttrium-doped Zirconia. The process is believed to be influenced from different mechanisms. Indeed we show that there is a delicate balance between the change in electrostatic and kinetic energy and exchange-correlation effects. In the tetragonal phase the perturbation induced by doping is better screened at the price of sacrificing correlation energy. Our work opens the opportunity to use the same approach to predict the tetragonal phase stabilization of materials like Zirconia or Hafnia, with different and less characterized dopants.
I. INTRODUCTION
Zirconia (ZrO 2 ) is a hard and usually colorless material with a wide range of technological applications 1 . Being corrosion resistant it is used as a dental material and because of its low cost, durability, and close visual likeness to diamond, it is widely used to synthesize artificial gems. It is used as a thermal barrier in coating engines due to its high resistance.
The addition of cations (as for example Y 3+ ) induces the generation of oxygen vacancies for charge compensation which makes it useful as oxygen sensor. Moreover Zirconia is an high dielectric constant (high-κ) material with potential applications in the micro-electronics.
Finally, very recently, transition-metals doped Zirconia has been predicted to be a dilute magnetic semiconductor (DMS) with high Curie Temperature T c with potential applications in the field of spintronics 2 ; while pure and doped ZrO 2 has been proposed as a candidate material for resistive switching memories devices 3, 4 (ReRAM) exploiting the high vacancies mobility of the system.
Pure ZrO 2 exhibits at ambient pressure three polymorphisms. The monoclinic (M) phase is stable at low temperature and is the less symmetric structure with the Zr 4+ ions exhibiting sevenfold coordination. Between 1440 and 2640 K the tetragonal (T) phase, with eightfold coordinated Zr 4+ ions is stable. Finally above 2640 K, till melting temperature (≈ 3000K), the most symmetric cubic (C) phase is stabilized 5, 6 . The only difference between the (C) and the (T) phase is a distortion of the oxygen sub-lattice with a spontaneous symmetry breaking. The (T) and (C) phases are more used in technological applications and both the (T)/(C) structures and the (T) → (C) doping induced phase transition (DIPT) have been well characterized in the literature both form the theoretical and the experimental point of view 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , with Y 3+ ions the most used and studied dopants.
On the other hand the (M) → (T) DIPT is much less characterized, especially from the theoretical point of view. It presents a volume change of about 3 − 4% that causes extensive cracking in the material. This behavior destroys the mechanical properties of fabricated components and makes pure Zirconia useless for structural or mechanical application. Moreover the (T) phase, is metastable in pure and lightly doped ZrO 2 over a very long time; a growth sample of doped Zirconia must be annealed in order to check if the reached tetragonal phase is stable or meta-stable. Hence a better understanding of the (M) → (T) DIPT is desirable. In this paper we address the problem from a first principle perspective and, in particular, we show that the DIPT is a balance of the mean field (MF) description (i.e. kinetic plus electrostatic:
) with exchange-correlation effects which cannot be captured by simplified models.
II. FIRST PRINCIPLES DESCRIPTION.
A. Computational details.
We work within density functional theory 19, 20 Y -doping is known to induce oxygen vacancies. We show in Fig. 1 . The behavior is similar in the monoclinic structure, though the vacancy has just 3 nearest neighbor here, one of which is an Yttrium atom. The Yttrium atom moves away from the vacancy suggesting that a charged-defects interaction model based on electrostatic is not correct and that exchange-correlation effects play a major role.
works. Indeed we found that, while vacancies does not repel, the configuration suggested as most favorable for the (T) structure by Ostanin et al. 9 , is not the lowest in energy. Indeed, surprisingly, the latter comes out to be unstable, with one of the two vacancies which changes position if we let the system relax (Fig. 3) . This last result suggests that, in presence of vacancies, oxygen atoms can move with (nearly) no potential barrier to overcome. This is a theoretical evidence that YSZ is a good ionic conductor. Indeed this property is important for many applications and has been investigated in other works 30 .
We also considered some cases at atomic doping concentrations of x = 18.75% and one test case at x = 25.00%. Both for x = 12.50% and x = 18.75% there is a huge number of possible relative position of the oxygens and we did not try to systematically explore which is the best configuration. At x = 12.25% the best found configuration has two vacancies aligned in the xy plane. A simple explanation of this fact could be provided considering the axial anisotropy of the dielectric constant (κ) of the (T) phase. The component κ xx = κ yy are larger than the κ zz , thus providing a more effective screening of charged oxygen vacancies placed along the xy plane. However we did not find this to be the sole mechanism, as some of the other configurations with the vacancies aligned in the xy plane have higher energy than some configurations with the vacancies aligned, for example, in the xz plane.
To conclude this section, the behavior of the oxygen vacancies present some differences, and some similarities, between the two phases of Zirconia. A key important difference however is that the formation of vacancies is more favored in the (T) phase than in the (M) phase as one can see from Fig. 1(d) . This fact indeed implies that Y 2 O 3 doping tends to stabilize the (T) phase. The configuration explored allow to model the (M)→(T) DIPT as a function of the Yttria doping. In Fig. 4 we see that the energy difference between the (T) and the (M) phase decrease increasing the doping concentration. This is a clear signature that we are correctly describing the DIPT. However the stabilization of the (T) phase happens, after a linear fit of our data, at higher doping concentration, ≈ 14%, than the experimental value ≈ 7%
15 .
The main error is due to an overestimation of the zero-doping energy difference of 0.056 eV/m.u. (E exp ≈ 0.063 eV/m.u. 27 while E DF T ≈ 0.109 eV/mu.u.). Indeed it is reasonable to assume that the trend of the energy difference is better computed than its absolute value and accordingly assuming a constant "zero-doping error" for every Y concentration we can subtract it (the zero energy in Fig. 4 shifts from the black line to the blue line) obtaining
x DIP T ≈ 7.5%, which is in excellent agreement with the experimental value. Similar results are obtained if one consider, instead of the linear fit, the energy difference between the two best configurations (orange dashed line in Fig. 4 ).
For the pure ZrO 2 we have also computed the contribution to the Helmholtz free energy due to thermal excitations of phonons. We found that the difference in the thermal contribution is negligible at room temperature, while the difference of the zero point phonon energy between the two phases is ≈ 0.005 eV/m.u. , with a small effect on the value of x DIP T (In Fig. 4 this amounts to the shift of the zero from the dashed to the continuous line).
It is interesting to compare how the mean field energy,
and the exchange-correlation energy, E xc [ρ], change considering different configurations. In 
M F . This is likely because the tetragonal phase, which has an higher dielectric constant, better screens the electrostatic perturbation In order to have a picture of the screening effect we have defined (see Fig. 5 and caption) the polarization charge, that is the difference in the electronic density between the pure and the doped system. In Fig. 5 we see that the main perturbation is induced by the oxygen vacancies. The screening mechanism however is very efficient and accordingly the value of the polarization charge is sensibly different from zero only on the atoms NN to the vacancies.
The xc-energy in pure ZrO 2 instead is lower in the (M) phase and on average d∆E xc /dx < 0. To understand this point we consider the perturbations induced in the electronic part of the Hamiltonian of pure ZrO 2 , that is
ions , where V ind ions is the additional perturbation generated from the dislocation of the atoms. V pert has the shape of a random potential in a perfect periodic system which tends to destroy the collective behavior of the electron gas and thus electrons lose correlation. This is not an "on site" correlation, but rather a "ranged" correlation energy and so we expect that GGA can better describe this effect than LDA. While V ext doping is similar for the two phases, i.e. we are considering the same kind of doping, the V ind ions term is greater in the (T) phase due to its higher screening (see note 31). Accordingly the xc-energy is more penalized, that is dE
xc /dx. This explains d∆E xc /dx < 0 and thus we can infer that in the screening process electrons lose xc-energy.
The emerging picture is that the (M) → (T) DIPT is a balance between different mechanisms with a key role played by vacancies 32 , though the role of Yttrium atoms is not only to induce vacancies (see Fig. 4 and caption) .
III. CONCLUSIONS
The phase transition of Zirconia induced with Yttria doping is very well known experimentally and indeed Yttria stabilized Zirconia is commonly used in many applications. Our results show that an ab-initio approach is able to correctly describe this mechanism, with a predicted phase transition at a doping concentration of ≈ 7.5%, in good agreement with experimental data. This result confirms the opportunity to predict the effect of other less characterize kind of doping which could be of potential interest for new applications, as for example doping with magnetic materials 2 .
Moreover, within density functional theory we can explore how physical properties of the system are influenced by doping. As an example we considered how different components of the energy changes and in particular the behavior of the exchange-correlation energy.
We showed that oxygen defects play a major role in the phase transition and how the perturbation induced by oxygen vacancies to the system is screened in the high-k tetragonal phase. The same approach could be used to check the effect of doping on other quantities, which are not easily accessible experimentally; among others, the value of the dielectric constant, which has a key importance for applications in the field of micro-electronics.
Finally these results, improving our understanding of the phase transition, can also be used to tune the parameters of models for the description of realistic devices based on Zirconia, whose dimensions are still beyond the capabilities of first-principles simulations.
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